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Abstract
Background: Altruism can be favored by high relatedness among interactants. We tested the effect of relatedness
in experimental populations of the social amoeba Dictyostelium discoideum, where altruism occurs in a starvation-
induced social stage when some amoebae die to form a stalk that lifts the fertile spores above the soil facilitating
dispersal. The single cells that aggregate during the social stage can be genetically diverse, which can lead to
conflict over spore and stalk allocation. We mixed eight genetically distinct wild isolates and maintained twelve
replicated populations at a high and a low relatedness treatment. After one and ten social generations we
assessed the strain composition of the populations. We expected that some strains would be out-competed in
both treatments. In addition, we expected that low relatedness might allow the persistence of social cheaters as it
provides opportunity to exploit other strains.
Results: We found that at high relatedness a single clone prevailed in all twelve populations. At low relatedness
three clones predominated in all twelve populations. Interestingly, exploitation of some clones by others in the
social stage did not explain the results. When we mixed each winner against the pool of five losers, the winner did
not prevail in the spores because all contributed fairly to the stalk and spores. Furthermore, the dominant clone at
high-relatedness was not cheated by the other two that persisted at low relatedness. A combination of high spore
production and short unicellular stage most successfully explained the three successful clones at low relatedness,
but not why one of them fared better at high relatedness. Differences in density did not account for the results, as
the clones did not differ in vegetative growth rates nor did they change the growth rates over relevant densities.
Conclusions: These results suggest that social competition and something beyond solitary growth differences
occurs during the vegetative stage when amoebae eat bacteria and divide by binary fission. The high degree of
repeatability of our results indicates that these effects are strong and points to the importance of new approaches
to studying interactions in D. discoideum.
Background
The evolution of altruism is difficult to explain because
altruistic acts benefit other individuals while reducing
the fitness of the actor. According to Hamilton’sr u l e ,
cooperative and altruistic interactions are favored by
genetic similarity (with sufficient benefits relative to
costs) [1]. This is consistent with high levels of related-
ness observed in cooperative organisms, such as social
insects [2,3] and spores in a fruiting body of the social
amoeba Dictyostelium discoideum [4,5]. Hamilton pro-
posed that genetic similarity among interactors can be
increased if individuals can recognize genetically
similar individuals or, more passively, if limited disper-
sal increases the likelihood that neighbors are geneti-
cally similar. This suggests that in spatially structured
populations where interactions are often limited to
neighbors, interactions are also more likely to take
place among genetically similar individuals. Theoretical
models suggest that spatial structure can select for the
evolution of cooperation but can also increase competi-
tion among relatives [6-10]. However, if there is a dis-
persal stage followed by a high relatedness stage, as is
likely to be the case in D. discoideum, competition is
less likely to counter cooperation. The impact of spatial
structure and relatedness on the evolution of social
interactions can be studied in microbial experimental
systems [11-14].
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cularly well suited to test the effect of spatial structure
and relatedness on the evolution of cooperation, because
it has a complex asexual life cycle composed of a unicel-
lular stage and a multicellular stage with clear altruism
(Figure 1) [15-17]. During the unicellular, vegetative
stage, spores germinate into single-celled amoebae that
grow and divide by binary fission. These amoebae live in
soil and feed on microorganisms. Upon starvation, the
multicellular stage of the life cycle begins. Single cells
aggregate and form a motile slug that eventually devel-
ops into a fruiting body that consists of a stalk made of
dead cells and a sorus containing the fertile spores. Dur-
ing fruiting body formation, about 20% of the cells die
to form the stalk. In contrast to other multicellular
organisms, the multicellular stage of D. discoideum does
not go through a single cell bottleneck, but rather is the
result of aggregation by thousands of cells. These aggre-
gating amoebae can be genetically distinct from their
co-aggregants, which can lead to conflict over spore and
stalk allocation [16-18] such that one strain produces
proportionately more spores and does not contribute its
fair share of dead cells to the stalk. Accordingly, we
define a cheater as a strain that increases in frequency
during the multicellular stage when aggregating with
cells of a genetically distinct strain.
Despite the potential for conflict among aggregating
cells, there is a clear benefit gained from the social
interaction during the multicellular stage, because D.
discoideum cells are unable to form spores without the
formation of a fruiting body [19]. The development of
spores is advantageous, because only spores are able to
survive harsh, nutrient deprived and desiccating envir-
onments. The stalk of the fruiting body raises the sorus
above the ground and increases the likelihood that
spores will be dispersed to a nutrient rich patch either
through falling a little farther from the stalk or through
passive dispersal by animals.
The two stages of the life cycle are dominated by dif-
ferent interactions and selection pressures. During the
feeding stage, access to food and protection from preda-
t o r sa r el i k e l yt ob ei m p o r t a n t .S i n c eD. discoideum
feeds by engulfing bacteria in an essentially solitary pro-
cess and is not known to mount any group defenses, the
impact of social interactions is not expected to be as
great as during the social stage when cells cease to grow
and 20% of amoebae sacrifice their lives for the benefit
of others. Exactly how they compete with each other for
food or other resources during the solitary growth stage
is not known. Since growth and replication only occur
during the solitary stage and cells in nature are likely go
through several to hundreds of vegetative generations
between social generations, differences during solitary
growth may result in strong selection.
To test the effects of relatedness on the evolution of
altruism, we created genetically diverse populations by
Figure 1 Life cycle of Dictyostelium discoideum. During the unicellular stage of the life cycle, spores germinate into single cells that eat
microorganisms and divide by binary fission. Upon starvation, the multicellular stage of the life cycle is initiated. Single cells aggregate and
undergo complex development to form a fruiting body structure, which consists of about 20% dead stalk cells and 80% hardy spores.
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tinct wild isolates. These populations were maintained
for ten rounds of their life cycle under conditions that
promoted social interactions at high or low relatedness.
Since the amoebae undergo one multicellular social
stage per cycle by definition, we will henceforth refer to
one completion of the asexual life cycle as one social
generation. We manipulated spatial structure and hence
relatedness of aggregating cells by plating the popula-
tions at the beginning of each social generation at either
high or low density. At high plating density, single cells
encounter more non-relatives than at low plating den-
sity, which is reflected in lower relatedness among
spores in single fruiting bodies at high density.
We manipulated relatedness by manipulating density,
so we should consider what effects density alone might
have, though nothing specific is documented in the litera-
ture on D. discoideum densities. In our experimental con-
ditions, the low-density populations will go through a few
more vegetative generations per cycle than the high-den-
sity populations, giving greater selective opportunity to
any clone that grows faster. It is possible that the clones’
relative growth rates change with density. To be able to
account for possible effects of different plating densities,
we measured vegetative growth rates and germination
rates of each strain individually. In addition, the low plat-
ing densities of spores of the high relatedness populations
could be more susceptible to drift. To be able to distin-
guish the effects of drift and selection on these popula-
tions, we performed the experiment with twelve
replicated populations at both high and low relatedness.
In most organisms, competition for limited resources
and social interactions are highly intertwined, which
makes it difficult to disentangle the effects of social
traits from other life history traits [20]. Though selec-
tion can act on different traits in our experimental sys-
tem, the temporal separation of the unicellular stage
and the social, multicellular stage allows us to test the
effects of social traits and other life history traits sepa-
rately. In addition, by forcing a global dispersal stage
between social generations we can avoid complications
that arise with limited dispersal, which can increase
both relatedness and local competition [6-10].
To assess the success of the different strains in our
selection experiment, we measured the frequencies of
each strain in the population and estimated genetic
diversity by calculating Shannon’sI n d e xo fd i v e r s i t y
(H’), which has its highest value when all strains are
present in equal frequencies and declines with the loss
of strains or unequal frequencies of the strains. Over the
course of ten social generations, we expected that
genetic diversity within populations would decline at
both high and low relatedness as a result of competitive
exclusion in our simple homogeneous environment. We
expected that this decline would be more pronounced at
high relatedness, where the success of a strain is less
affected by interactions with other clones and the fittest
strain will be able to out-compete other strains. Further,
we expected to see higher genetic diversity in the low
relatedness populations, where the added complexity of
the social environment provides a way for other clones
to succeed. Specifically, we expected that social cheaters
would be better able to take advantage of other coopera-
tors at low relatedness. This expectation assumes that
there is some trade-off between the two ways of achiev-
ing higher fitness.
Results
The social environment affects clone survivorship with
high repeatability
Relatedness within fruiting bodies was significantly
higher under high relatedness conditions (0.82 ± 0.08,
mean and 95% CI) as compared to low relatedness con-
ditions (0.31 ± 0.10) with no significant block effect, as
determined by a fixed factor ANOVA (relatedness: F1,133
= 70.54, p < 0.0001, block: F2,133= 1.34, p = 0.265).
After one social generation, all strains were present in
all twelve replicate populations, both at high and at low
relatedness (Figure 2). After ten social generations, how-
ever, a majority of the strains had decreased greatly in
frequency and some had been completely eliminated. At
high relatedness, one strain (QS49 red) overwhelmingly
predominated in all twelve populations. Two strains
(QS95 white and QS125 dark green) were no longer
present in any population. One strain (QS135 light blue)
was present in only one population and another strain
(QS14 maroon) in three populations. At low relatedness,
three strains (QS49 red, QS45 navy blue and QS14
maroon) predominated in every one of the twelve popu-
lations. On average, the frequencies of the three persist-
ing strains increased significantly above their starting
frequency of 1/8 (t-test on the difference between the
final frequency and the initial frequency (QS45 and
QS49 both p < 0.0001 and QS14 p = 0.001, d.f. = 11 for
all t-tests; the increases all remain significant after
applying sequential Bonferroni correction [21]). Two
strains (QS35 yellow and QS125 dark green) were both
present in three populations at very low frequencies.
Three strains (QS95 white, QS135 light blue and QS136
light green) could not be detected in any of the twelve
low relatedness populations.
Relatedness significantly affected strain composition
and genetic diversity in the populations (Figure 3: F1,44
= 45.15, p < 0.0001), with a significant decrease between
social generations 1 and 10 (F1,44 = 597.68, p < 0.0001)
as determined by a full factor ANCOVA with related-
ness and generation as fixed factors. More importantly,
the decrease in genetic diversity was significantly
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a significant interaction term between relatedness and
social generation (F1,44 = 10.58, p =0 . 0 0 2 ) .At e s tf o r
normality of the residuals indicated that residuals were
not normally distributed (Shapiro-Wilk test: W =0 . 9 4 9 ,
p = 0.038), which seemed to be driven mostly by one of
the replicated populations (Population HR7). To test
whether this population could affect the significance of
the result, we repeated the analysis with HR7 excluded.
This resulted in normally distributed residuals (Shapiro-
Wilk test: W = 0.961, p = 0.117), without qualitatively
changing the results of the ANCOVA.
Strains that increased in frequency produced more spores
and formed fruiting bodies more quickly than the other
strains when grown in isolation
To assess the effects of life history traits, we grew each
of the eight strains in the absence of the other strains
and measured vegetative doubling rates, germination
rates, spore production, and duration of the unicellular
stage. Vegetative doubling rates during exponential
growth did not differ significantly among the eight
strains as indicated by a non-significant interaction term
of strain and time (F7,72 =1 . 0 9 2 ,p = 0.3774) in a full
factor ANCOVA with strain, time and block as fixed
Figure 3 Genetic diversity decreased over time. Genetic diversity (H’) decreased significantly over the course of the selection experiment.
After one social generation, genetic diversity was high both at high and low relatedness with a small but significant difference between high
and low relatedness populations. Over the course of the selection experiment genetic diversity decreased significantly more at high relatedness.
Genetic diversity was measured as Shannon’s Index of Diversity (H’) and scaled to the maximum H’ possible for eight strains (where pi = 1/8).
Bars represent the mean of twelve populations with 95% CI. The numbers in the bars indicate the approximate numbers of vegetative
generations (doublings) for each treatment after one and after 10 social generations.
Figure 2 Strain composition changed over time. The frequencies of each strain in twelve populations after one and after ten social
generations at high and low relatedness. The eight strains are represented by different colors (QS45 navy blue, QS49 red, QS35 yellow, QS125
dark green, QS135 light blue, QS14 maroon, QS95 white, QS136 light green). Each pie diagram represents a population.
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change in doubling rate with increasing density (quadra-
tic terms of the 8 regressions on time were all non-sig-
nificant, p > 0.7).
Germination rates varied significantly among the eight
strains (strain: F7,21 = 2.71, p = 0.036, block: F3,21 =
32.9, p < 0.0001). However, the three winning strains
did not germinate significantly differently from the five
losing strains (contrast analysis on least square means:
F1,21 =0 . 6 3 ,p = 0.435), which suggests that the differ-
ences in germination rate cannot explain the persistence
of the three winning clones.
The eight strains differed significantly in spore pro-
duction (genotype: F7,14 =4 1 . 0 2 ,p < 0.0001, block: F2,14
=3 . 1 5 ,p = 0.074; Figure 5a), with the three strains that
increased in frequency over the course of the selection
experiment producing significantly more spores from a
constant starting number of spores than did the strains
that decreased (contrast analysis on least square means:
F1,14 = 101.65, p < 0.0001). However, the strain predo-
minating in the high relatedness populations, QS49
(red), did not produce significantly more spores than
the rest of the strains (contrast analysis on least square
means of QS49 versus all other strains: F1,14 = 2.53, p =
0.13). This suggests that spore production affected the
persistence of the three strains at low relatedness, but is
n o ts u f f i c i e n tt oe x p l a i nt h eo b s e r v e dd i f f e r e n c e s
between high and low relatedness.
The eight strains differed considerably in their speed
of fruiting body formation. When we plated equal num-
bers of spores in association with their bacterial food
source on plates and scored the plates after three days
of incubation, three strains (QS45 navy blue, QS49 red,
and QS35 yellow) had developed farthest, to the stage
called Mexican hat (Figure 1). Four strains (QS125 dark
green, QS135 light blue, QS14 maroon, and QS95
white) were in the tight aggregate stage, and one strain
(QS136 light green) was still in the loose aggregate
stage. We used the speed of fruiting body formation as
a proxy to estimate the length of the unicellular stage.
Given that the strains did not differ in doubling rates, a
shorter unicellular stage most likely arose from different
threshold densities for aggregation. The three persisting
strains all either produced more spores and/or formed
fruiting bodies sooner than the other strains (Figure 5b).
This suggests that a combination of high spore produc-
tion and short length of the unicellular stage affected
the strains’ ability to persist over ten social generations
and their ability to out-compete other strains. Differ-
ences in these traits however are not sufficient to
explain the observed differences between high and low
relatedness.
Figure 4 Vegetative growth rates did not differ. The eight strains did not differ in their vegetative growth. We counted the number of cells/
plate every three hours between 27 and 39 hours after plating spores. To linearize the exponential growth data, we calculated the ln(number of
cells per plate).
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persisted
We tested whether cheating, the overrepresentation of
one clone in the spores relative to its initial frequency in
the cells could account for the increase in frequency of
the three strains at low relatedness by mixing starved
cells of each of these three strains (QS45 navy blue,
QS49 red, or QS14 maroon) with a mixture of starved
cells of the five strains that decreased at low relatedness
over the course of the selection experiment. All three of
these strains showed an insignificant trend to decrease
in frequency over the course of fruiting body formation
(Figure 6a). Since we tested the directional hypothesis
that the three strains would increase, we tested whether
t h ec h a n g ew a ss i g n i f i c a n t l yg r e a t e rt h a nz e r o .T h i s
effect was not significant for any of the strains individu-
ally (QS45 navy blue: t2 = -4.11, p = 0.97; QS49 red: t2
= -0.49, p = 0.67; QS14 maroon: t2 = -1.86, p =0 . 9 0 )o r
Figure 5 Strains that persisted produced more spores and had a shorter unicellular stage. Differences in total spore production as a
measure of fitness among the eight strains. Points are mean of three measurements with 95% CI. The bars on top indicate the contrast analysis
performed and their significance levels (A). Ranking of the strains based on spore production and progress during fruiting body formation
relative to each other. A low rank indicates high spore production and fast fruiting body formation (B). Strains persisting at low relatedness
(large, filled diamonds) tended to produce more spores and have short unicellular stage.
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could potentially prevent detection of significance, but
since all results went in the opposite direction from that
expected for cheating, we think it is unlikely that lack of
power was a problem. This suggests that cheating did
not lead to the observed increase in frequency of the
three strains at low relatedness over the course of the
selection experiment.
Higher relatedness is expected to select for altruism
over a greater range of benefits and costs [1]. As a
r e s u l t ,w ee x p e c t e dc h e a t e r st ob em o r el i k e l yt op e r s i s t
at low relatedness where they can gain an advantage
when interacting with cooperators. To test whether
some of the three strains persisting at low relatedness
were able to cheat each other, we performed pair-wise
cheating assays by mixing starved cells of two strains
in equal proportions and counting the proportion of
spores produced by each genotype (Figure 6b). We
observed cheating among the three low relatedness
strains, but found no evidence that the two clones that
p e r s i s t e do n l ya tl o wr e l a t e d n e s s( Q S 4 5n a v yb l u e ,
QS14 maroon) did so by cheating the one that was pre-
sent at both high and low relatedness (QS49 red).
QS45 (navy blue) was cheated by both QS49 (red:
Figure 6 The three strains that persisted at low relatedness did not cheat the other five strains but cheated each other.C h e a t i n g
assays of the persisting strains against the population of the five out-competed strains. The points represent the mean of three assays with 95%
CI. All persisting strains tended decrease in frequency, though not significantly (A). Cheating assays among the three persisting strains. Each
point represents the mean of six assays with 95% CI and is expressed as the change in frequency of the strain listed in bold (B).
Saxer et al. BMC Evolutionary Biology 2010, 10:76
http://www.biomedcentral.com/1471-2148/10/76
Page 7 of 14t5 = 7.28, p < 0.001) and QS14 (maroon: t5 = 3.26, p =
0.023). QS49 decreased in frequency when mixed with
QS14, but not quite significantly so (t5 =2 . 4 ,p =
0 . 0 6 2 ) .W ed i dn o to b s e r v eas i g n i f i c a n tc h a n g ei nf r e -
quency in the control mixes (labeled versus unlabeled),
nor did we observe a significant block effect in either
experimental or control mix.
Discussion
Higher relatedness promotes the evolution of altruism
all else being equal [1]. Spatial structure can limit inter-
actions to neighbors and hence increase the likelihood
that interactions are taking place among genetically
similar individuals. To test the effect of relatedness on
the evolution of altruism, we evolved genetically diverse
populations for ten social generations at low and high
density, which resulted in high and low relatedness,
respectively. Over the course of the selection experi-
ment, we observed a highly repeatable pattern: the same
three strains increased in frequency at low relatedness
and one of these three strains predominated in all popu-
lations at high relatedness.
The remarkably high degree of repeatability among the
twelve replicated, independently evolved populations indi-
cates that drift is not playing much of a role, even in the
high-relatedness populations that started each round with
only 500 spores. It is highly unlikely that the same strain
would dominate in all twelve independently evolved
populations solely due to chance (p < 0.0001: Binomial
test for the dominance of one clone (p = 1/8) in twelve
populations (k = 12) out of twelve populations (n = 12)).
Although low relatedness populations showed higher
diversity, as we expected, social advantages during the
fruiting body stage did not seem to have a strong effect.
The three persisting strains did not cheat the other five
s t r a i n sa sag r o u pw h e nm i x e dh e a dt oh e a d .W e
expected that cheaters would be able to persist at low
relatedness where they could exploit other strains and
increase in frequency during the social stage. Not all of
the three clones that persisted at low relatedness were
equally successful in social competition with each other.
However, one of the strains cheating during fruiting
body formation was the most successful clone at high
relatedness, indicating that it did not face a trade-off
between the ability to cheat other strains and the ability
to develop by itself.
Differences in spore production and length of the uni-
cellular stage best explained which three strains per-
sisted. Germination rate differed only slightly among the
strains and could not account for the persistence of the
three strains. Vegetative doubling rates did not differ
measurably among the eight strains.
The observed difference in genetic diversity at high
and low relatedness could be the result of factors other
than relatedness. To achieve conditions of high and low
relatedness, we plated the populations at low and high
density, respectively. While we cannot completely rule
out effects due to density-dependence, we found no evi-
dence that density-dependent effects account for the dif-
ferent outcomes of our selection experiment. First, the
eight clones do not differ measurably in their vegetative
growth rates. Thus, no clone gains a significant advan-
tage by having more cell generations in one of the treat-
m e n t s .T h es a m ed a t as h o wt h a to v e rab r o a dr a n g eo f
densities, each of our clones grows at a constant rate.
We did not test the earliest stages, but at that time cells
in both high-density and low-density treatments actually
experience the same density, because they are all still in
plaques started from single cells. Thus clonal vegetative
fitnesses do not change with density, and different den-
sities do not explain the differences between treatments.
The difference in population size at transfer also
resulted in more vegetative doublings during the unicel-
lular stage in the high relatedness treatments. The aver-
age number of doublings per social generations was 13.4
at low relatedness and 19.7 at high relatedness, which is
consistent with the 100-fold increase necessary to make
up the difference in plating densities. Therefore, one
could hypothesize that the higher genetic diversity at
low relatedness is simply a transient state on a path
that, if carried on farther, would yield the identical out-
come as the high relatedness populations. Several lines
of evidence suggest that this is unlikely to be the case.
We did not observe any differences in doubling rates
during unicellular growth. Therefore, it is unlikely that
the additional doublings at high relatedness could
account for the different strain compositions and diver-
sities at high and low relatedness. In addition, over the
course of the low-relatedness experiment QS45 (navy
blue) and QS14 (maroon) increased from the starting
frequency of 1/8, which would not be expected if they
were on their way to being out-competed by the domi-
nant one. More tellingly, the five losing clones were vir-
tually eliminated from the low relatedness populations
(mean summed population frequency 0.0054). If these
populations were intermediates on the way to the domi-
nance of QS49 (red) seen in the high relatedness popu-
lations, we would expect to see even fewer of these loser
clones at high relatedness, but in fact we see many more
(mean summed population frequency 0.093). This differ-
ence is significant (p = 0.002, d.f. = 13.15, t = 3.86,
Welch t-test after arcsine transformation). Lastly, we
calculated the average change in frequency of each
strain per vegetative generation by dividing the differ-
ence between final frequency and initial frequency (= 1/
8) by the number of vegetative generations (130 for low
relatedness and 200 for high relatedness, respectively). If
the difference in vegetative doublings accounted for the
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would expect a correlation between the change in
frequency at high and low relatedness after correcting
for vegetative generations, which is clearly not the case,
except for the one clone that did well under both condi-
tions (Figure 7). Even so, we cannot definitively exclude
ap o s s i b l ee f f e c td u et ot h ed i f f e r e n tp l a t i n gd e n s i t i e s
and the resulting differences in vegetative generations at
high and low relatedness.
G i l b e r te ta l .[ 4 , 5 ]a s s e s s e dr e l a t e d n e s si nn a t u r a l
populations and observed high levels of relatedness.
High relatedness among interacting individuals can be
achieved in two ways, by kin discrimination or by lim-
ited dispersal, and it is worth considering what role
these mechanisms may have played in our experiment.
D. discoideum clones are sometimes able to discriminate
against other clones. In experimental mixes with wild
clones, cells from genetically distinct strains sorted more
with increasing genetic distance, while genetically similar
strains formed chimeric fruiting bodies [22]. Benabentos
et al. [23] recently identified high levels of polymorph-
ism among wild isolates in members of the lag (recently
renamed tgr) gene family which encodes trans-
membrane proteins. A strong correlation between
sequence divergence in these lag genes and sorting dur-
ing fruiting body formation supports the hypothesis that
these genes are important in kin discrimination. A pre-
ference for forming fruiting bodies with kin was also
observed in other Dictyostelid species. Different geno-
types of Dictyostelium purpureum preferentially aggre-
gated and formed fruiting bodies with their clone mates
[24,25]. Despite some ability to discriminate, our low-
relatedness treatment did generate low relatedness
among spores within fruiting bodies, and generated
complete mixing in 1:1 mixes during the cheating assays
(see Material and Methods) indicating that the eight
strains used readily form chimeric fruiting bodies. This
suggests that kin discrimination did not play an impor-
tant role in our experiment as genetically different
strains readily mixed and formed chimeric fruiting
bodies when given the opportunity.
Limited dispersal could also promote interactions
among genetically similar individuals [1]. Over the
course of the life cycle, D. discoideum has different
means of dispersal. During the unicellular stage, single
cells can move short distances to explore new food
Figure 7 Average change in frequency per vegetative generation are different at high and low relatedness. The average change in
frequency for each strain differed at high and low relatedness for the strains that persisted. Points represent the change in frequency (final -
initial frequency (= 1/8)) divided by the number of vegetative generations (130 for low relatedness and 200 for high relatedness) of each strain
averaged over twelve populations at high and at low relatedness with the 95% confidence intervals.
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same in the high and low relatedness treatments. How-
ever in the high-density, low relatedness treatment sin-
gle cells are more likely to encounter and compete with
genetically different cells and it is this difference that we
exploited to get high versus low relatedness treatments.
During the multicellular stage, D. discoideum forms
slugs that move towards light and away from ammonia
[26,27]. These slugs can move longer distances than sin-
gle cells. Chimeric slugs have been observed to move
less far than clonal slugs of the same size [28] and this
effect would differ between our treatments. During the
experiment, we minimized the effect of slug dispersal by
keeping the plates in the dark without a light source.
Long-range dispersal of D. discoideum can occur when
spores are picked up by animals [4,5] or are washed
away by water. In our experiment we collected all the
spores after one social generation and thoroughly mixed
the spores before plating them onto a fresh bacterial
lawn for the next social generation. Therefore uncon-
trolled dispersal of slugs and spores did not have any
effect on the structure of the next generation or on the
different outcomes at high and low relatedness.
Cooperating individuals are very susceptible to
exploitation by cheaters. Therefore it is difficult to
explain the maintenance of cooperation in the light of
cheating. One possibility is that cheaters have reduced
fitness when they are unable to exploit cooperators and
have to interact among themselves. Cheating assays
among the persisting strains at low relatedness con-
firmed the presence of cheating. One of these cheaters
(QS14 maroon) was unable to persist at high related-
ness, suggesting such a cost to cheating. However,
cheating did not seem to be costly for the other
cheater (QS49 red), which dominated all high-related-
ness populations. Cheaters unable to persist at high
relatedness have previously been observed in D. discoi-
deum. A known cheater mutant (fbxA
- [4] or chtA
- ;
[29]) was mixed with its wild type ancestor and while
able to invade at low relatedness was unable to do so
at high relatedness [4]. This inability to invade when
the mutant was at high levels of relatedness is a result
of the high fitness cost of the cheater mutation. When
grown in isolation, this cheater mutant was not able to
form fruiting bodies [4]. However, not all cheater
clones experienced the same costs to cheating in our
experiment. This is consistent with previous results,
where we identified a large set of cheater mutants in
D. discoideum [30]. Some of these cheater clones had a
cost in terms of spore production when on their own,
while others performed the same as the wild type, and
still others produced even more spores than the wild
type. All of these cheaters were able to form fruiting
bodies with normal appearances on their own.
Our results suggest that trade-offs between cheating
and the ability to form fruiting bodies alone vary among
strains and that a combination of other life-history traits
can partly explain the outcome of the selection experi-
ment. Even so, interactions other than the ones we
tested may contribute to shaping these populations. For
example, we only tested pair-wise interactions during
the multicellular stage. It is possible that the cheating
dynamics change when all three strains can interact.
Alternatively, our results may suggest that some inter-
esting social interactions occur during the unicellular
stage. Since the vegetative stage is quite long, small
effects early in the vegetative stage could result in a
large effect over the course of one social generation [20].
Conclusions
For D. discoideum, spatial environment and the resulting
differences in relatedness among interactors imposed
strong selection pressures, as indicated by the highly
repeatable differences in genetic diversity and strain
composition between high and low relatedness. As
expected, cheaters persisted better at low relatedness
than at high relatedness. Interestingly, the strain that
predominated in all populations at high relatedness was
one of the cheaters. This indicates variable trade-offs
between the ability to cheat other strains and the ability
to form fruiting bodies alone. The persistence of the
three strains was best explained by high spore produc-
tion and a short unicellular stage, both traits that are
strongly affected during vegetative growth. However,
none of the traits examined could account for the differ-
ence between high and low relatedness, which suggests
that other possible interactions occur during the vegeta-
tive stage. Our results suggest that the costs and benefits
of the social interactions vary among strains and that
social interactions in this social amoeba are complex
and extend into the vegetative stage.
Methods
Strains
We used eight wild isolates of Dictyostelium discoideum,
(QS45, QS49, QS35, QS125, QS135, QS14, QS95,
QS136). These strains were isolated from soil samples
collected along a 25 m transect near Mountain Lake
Biological Station in Virginia (N 37° 21’, W 80° 31’) [31]
and could be uniquely identified by a combination of
two microsatellite loci using primers Dict13.CAT and
Dict23.AAC [31].
Manipulating Relatedness
To promote interactions at two different degrees of
relatedness, we plated spores at low relatedness (LR:
50,000 spores/plate), or at high relatedness (HR: 500
spores/plate) on SM plates (10 g glucose, 10 g Bacto
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0.6 g K2HPO4, 20 g agar per 1 liter H2O) with Klebsiella
aerogenes as the bacterial food source. We verified that
this manipulation actually impacted relatedness among
spores within fruiting bodies as follows: To assess the
average degree of relatedness within fruiting bodies for
each treatment, we mixed spores of all eight clones at
equal frequency and plated the mixed populations at the
experimental high and low relatedness conditions (500
and 50,000 spores/plate, respectively). After fruiting
body formation at the end of the multicellular stage, we
collected single fruiting bodies, plated the spores from
each fruiting body at very low density and genotyped
single spores by isolating DNA from single clearings.
We calculated the overall relatedness within fruiting
bodies [32] for each experimental treatment using the
software Relatedness 5.0.8 http://www.gsoftnet.us/GSoft.
html. We estimated the probability above random
chance that spores from the same fruiting body were
clone-mates. We considered clone-mates to be related
by 1 and non-clone-mates to be unrelated (0). To get a
good estimate of relatedness within fruiting bodies, we
chose to increase the number of fruiting bodies rather
than the number of individual spores sampled per fruit-
ing body and sample four spores per fruiting body for
up to 24 fruiting bodies per block. We conducted the
experiment in three temporally independent blocks and
assessed a total of 66 and 71 fruiting bodies at low and
high relatedness, respectively.
Selection Experiment
We mixed spores of the eight clones in equal propor-
tions and started two sets of twelve replicate populations
by plating 500 spores/plate for high relatedness and
50,000 spores/plate for low relatedness on SM plates in
association with a bacterial food source. During the
selection experiment, we allowed the populations to
grow and form fruiting bodies. Four days (LR) or five
days (HR) after plating, we harvested the spores, and
transferred the appropriate number of spores to a new
plate with bacteria to initiate the next social generation.
The time interval for harvesting spores differed between
low and high relatedness because social aggregation
occurred more rapidly in the more dense low related-
ness populations. On average, the high relatedness
populations went through 20 binary fissions during the
unicellular stage of the life cycle and the populations at
low relatedness through 13. After harvesting the spores,
we plated a sample of each population at the appropri-
ate plating density for the next social generation. We
supplemented the remaining spores with glycerol and
froze a sample of each population at -80°C. We repeated
this process for a total of ten social generations.
At every transfer, we counted the number of spores
produced by each population. The number of doublings
each population went through during one social genera-
tion was calculated as the log of the base 2 of the total
number of spores retrieved/number of spores plated.
Assessing genetic diversity within populations
To assess the frequency of each strain in a population,
we plated the populations at very low density (approxi-
mately 50 spores per plate) and collected cells originat-
ing from a single spore. We placed the cells into 20 μl
of lysis buffer [33] to make DNA available for PCR and
genotyped the cells at two microsatellite loci using pri-
mers Dicty13.CAT and Dicty23.AAC [31]. We geno-
typed up to 96 spores for each population. Some
samples either did not amplify clearly enough to allow
strain identification, or contained more than one strain,
and were excluded from subsequent analysis. In total,
we sampled between 55 and 96 spores per population
after one (LR: 65.92 ± 3.46 (mean number of clones
genotyped in 12 populations with standard deviation)
and HR: 61.66 ± 3.63) and after ten social generations
(LR: 92.75 ± 1.82; HR: 90.16 ± 4.87).
To assess genetic diversity within populations over the
course of the experiment, we calculated Shannon’s
Index of Diversity as
  Hp p ii * ( ) log ,
where pi is the frequency of the ith genotype in the
population. We scaled every estimate of H’ to the maxi-
mum Index of Diversity possible for eight clones
(H’ max, 8 clones = 0.9031). H’ is maximized when all gen-
otypes are at equal frequency and decreases with
decreasing number of genotypes or uneven frequencies.
To assess the change in genetic diversity after 1 and 10
social generations and between high and low relatedness
we performed a full factor ANCOVA using Shannon’s
Index of Diversity with social generations and related-
ness as fixed factors. We arcsine transformed the data,
which achieved normality of the data set and was appro-
priate for data ranging from 0 to 1. We used R [34],
http://www.r-project.org for all statistical analyses unless
otherwise noted.
Vegetative doubling rate
To assess differences in vegetative doubling rates during
exponential growth, we grew each strain separately by
plating 50,000 spores per plate in association with a bac-
terial food source on replicated plates. After 27 hours of
growth, we collected all the cells of a plate, diluted the
cells in 10 ml of KK2 and counted the number of cells
with a hemocytometer. We repeated this process for
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the experiment in three temporally independent, com-
plete blocks. To analyze the data, we log transformed
the counts and performed a full factor ANCOVA with
strain, time and block as fixed factors.
Germination rate
To test for differences among germination rates, we pla-
ted each strain on six replica plates at a very low density
of 50 spores per plate and counted the number of pla-
ques formed after two days. We calculated the percent
of spores germinated by dividing the number of plaques
by number of spores plated on all six plates. We per-
formed the experiment in four temporally independent
blocks. To analyze the data, we arcsin-transformed the
data and performed an ANOVA with strain and block
as fixed factors.
Total spore production in the absence of other clones
To determine the spore production of each strain, we
plated 500,000 spores of each strain individually on 13
mm black filter squares (AABP 04700, Millipore, Bed-
ford, MA) on nutrient-free agar (0.198 g KH2PO4,0 . 0 3 6
gN a 2HPO4,a n d1 5ga g a rp e rL i t e rH 2O). We sus-
pended and plated spores in KK2 buffer [22] with dead
bacteria (OD600 = 6.0). We used dead bacteria as the
food source to standardize and control the amount of
food provided. Within four days, all strains had formed
fruiting bodies. To assess the total number of spores
produced, we collected the filters, placed them in 1 ml
of KK2 buffer supplemented with 0.1% NP40-alternative
(Calbiochem, La Jolla, CA), vortexed the tubes briefly to
evenly disperse the spores before counting them. We
conducted the experiment in three temporally indepen-
dent blocks with two replicates per block. We per-
formed a fixed factor ANOVA with genotype and block
as factors on the means of the replicate plates per block
with a subsequent contrast analysis on the Least Square
Means (in JMP IN, Version 5.1.2) between different sets
of strains.
Aggregation and fruiting body formation during the
multicellular stage
To test for differences in the length of the unicellular
stage among the eight clones, we assessed how quickly
the strains enter the multicellular stage. We plated
spores of each strain individually in association with
bacteria on SM plates and scored the plates after all
strains had initiated the multicellular, social stage. We
assumed that strains that were further along in fruiting
body formation started the multicellular stage earlier
and therefore had a shorter unicellular stage. Since the
duration of the unicellular stage depends on the amount
of resources available, we also scored the progress
during fruiting body formation of the strains relative to
each other, when we plated spores of each strain indivi-
dually on filter pads with a standardized amount of dead
bacteria. The progression during the multicellular stage
of individual clones relative to the other clones was
comparable when plated on SM plates in association
with live bacteria to their relative progression on filter
pads with dead bacteria.
Cheating Assays
To test for cheating, we mixed cells of two competitors
in equal frequencies and assessed the frequencies of the
competitors before and after fruiting body formation.
To test whether cheating could affect the success of cer-
tain strains, we mixed cells of a strain that increased in
frequency with cells from a mixture of the strains that
decreased in frequency over the course of the selection
experiment. Before mixing the two competitors, we cre-
ated a mixed population of the strains that decreased
over the course of ten social generations by mixing
spores of these strains in equal proportions and plating
them in association with bacteria. We harvested the
cells of the mixed population and cells of the competitor
during exponential growth, labeled and set up the mix-
ing experiments as described in Ostrowski et al. [22].
After 24 hours of incubation, we collected the spores
into 5 ml of KK2 with detergent (1.36 g KH2PO4,1 . 7 4g
K2HPO4, 5 ml of 10% NP-40 Alternative (Calbiochem,
La Jolla, CA), 1.86 g EDTA in 500 ml, pH = 7.1) and
assessed the frequency of labeled and unlabeled spores.
To assure the health of the cells during this time inten-
sive experimental set-up, we labeled the cells of the
mixed population and mixed these labeled cells with
unlabeled cells of each strain that increased over ten
social generations. We conducted the experiment in
three complete, temporally independent blocks, which
allowed us to compete each strain against the same
mixed population. To test for the effect of labeling, we
added a control by mixing labeled and unlabeled cells of
the mixed population of the decreasing strains in equal
proportions and assessed the frequency of labeled
spores. Cheating was assessed as a significant change in
the frequency of each competitor during fruiting body
formation. We determined the cell and spore frequen-
cies of each strain at the beginning and end of the mul-
ticellular stage, respectively. The change in frequency
w a sc a l c u l a t e da st h ed i f f e r e n c eb e t w e e ns p o r ef r e -
quency minus cell frequency. For the analysis, we per-
formed a one-tailed t-test for each of the three strains
individually and combined to test whether the persisting
strains cheated the other strains by out-representing
themselves in the spores.
We performed a second set of cheating assays using
only the strains that increased in frequency, following
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complete blocks with reciprocal, pair-wise mixes. Since
we were interested in cheating, it was essential that the
mixed strains actually formed chimeric fruiting bodies.
To confirm this, we counted ten individual fruiting
bodies for each experimental and clonal mix of the first
block. To test for sorting, we calculated the relatedness,
r, within fruiting bodies as
r
pi pi p pi pi p
pi p pi p






() ( ) ( () )
,
where pi is the frequency of a strain in the fruiting
body and p i st h ef r e q u e n c yo ft h es a m es t r a i ni nt h e
total population. The frequency in the total population
was calculated as the frequency of the strain across all
ten fruiting bodies. Relatedness is scaled between 1 and
-1, with 1 and -1 indicating complete sorting and high
relatedness within fruiting body, and zero indicating
completely random mixing. Overall, relatedness within
fruiting bodies was very low (0.0078 ± 0.018, mean and
95% CI), indicating that the strains mixed and formed
chimeric fruiting bodies. To test whether the mixing in
the experimental mixes differed significantly from the
control mixes (labeled and unlabeled cells of the same
strain), we performed an ANOVA with treatment as a
fixed factor and did not observe evidence for sorting of
clones into different fruiting bodies. We could not
detect a difference in relatedness within fruiting bodies
between the control mixes and the experimental mixes
(F1,116 = 0.0826, p = 0.77). This indicated that the
strains readily formed chimeric fruiting bodies. There-
fore, we assessed the frequencies of the two strains in
the total population to get an estimate of cheating.
We assessed cheating as described above. Since the
cells used for reciprocal labeling were collected indepen-
dently, we pooled the data from reciprocal mixes by
expressing the change in frequency in terms of the same
clone. To test for a significant change in frequency, we
performed a one-sample t-test (two sided) on the
change in frequency from cells to spores. To test for sig-
nificant block effects, we performed an ANOVA with
strain and block as factors. Since we used the difference
and not the actual frequency data, we did not need to
transform the data.
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